Introduction
Fluorine plasma treatment is a robust technology to realize the enhancement-mode AlGaN/GaN high electron mobility transistor (HEMT) by delivering a threshold voltage shift of HEMT as large as +5 V [1] . The negatively charged fluorine ions, which are implanted into the top AlGaN barrier, can effectively deplete the electrons in the channel. For practical implementation of the fluorine plasma treatment, an important issue to address is the stability of the fluorine ions, which is fundamentally determined by the potential energy of fluorine ions in III-nitride material systems.
In this work, we studied the fluorine ions' stability by calculating the potential energy of fluorine ions in AlGaN/GaN with an approach based on molecular dynamics (MD) simulation. MD method can provide a kinetic and real-time simulation of fluorine ions as they move around the III-nitride materials. This simulation, if carried out by first principle calculation, would be very computation intensive. We focused on three designated sites for fluorine ions: interstitial site I, substitutional group-III atom site S(III) and substitutional group-V atom site S(V), as shown in Fig. 1 . The potential energy of a fluorine ion at S(III) is found to be the lowest in GaN, suggesting that fluorine ions most likely end up at S(III) sites. It is identified that the lowest energy barrier (1.1 eV) exits between the I and S(III) sites in Al 0.25 Ga 0.75 N, while the energy barrier between I-S(V) and I-I are at least 2eV and 4 eV, respectively. The fluorine ions' movement between S(III) and I sites is therefore identified as the dominant physical process associated with the fluorine diffusion in III-nitride material.
Model Setup and Results
The three locally stable sites that can physically accommodate fluorine ions in GaN are schematically shown in Fig.1 . The regular wurtzite structure is applied to model GaN. The strained Al 0.25 Ga 0.75 N layer has the same lattice structure and constant as GaN layer, with 25% of Ga atoms replaced by Al atoms. In our simulation, the potential energies of fluorine ions are calculated along the paths linking one interstitial fluorine site and another site, which can be I, S(III) or S(V). The energy barrier between the adjacent sites reflects the stability of fluorine ion, and also determines the activation energy of fluorine dopant diffusion. During fluorine's movement, the locomotion and energy of lattice atoms are also naturally considered by the MD simulation to emulate a diffusion process. According to a previous first-principle calculation [2] , fluorine atoms in GaN are expected to be inert by capturing one additional electron, because of its strong electro-negativity. This prediction is confirmed by the experimental observation of the large positive shift in threshold voltage of fluorine plasma treated HEMTs [3] . Therefore, fluorine ions are considered incapable of forming bonds with other lattice atoms in our simulation. The interatomic potential energies between fluorine and lattice atomic nucleuses are described by the well-known Ziegler-Biersack-Littmark (ZBL) potential function [3] . An additional coulomb function [4] is used to describe the effect of polarization field in III-nitride materials. The covalent bonds between group-III atoms and N atoms are simulated by ZBL-SW potential function [5] .
The potential energy profiles of fluorine ion from I, S(III) and S(V) sites to the nearest I site in GaN are illustrated as solid symbols in Table 1 . Based on the results in Fig. 2 and Table 1 As the potential energy barrier between fluorine S(III) and I is the lowest, the S(III)-I-S(III) is the most likely diffusion process which features an activation energy of 1.1-1.4 eV. Fig. 3 illustrates the potential energy barriers through S(III)-I-S(III) and S(III)-I-I-S(III) paths. It can be seen that the barrier for fluorine ion diffusion could be quite high (~ 6.5 eV) if there is no consecutive S(III)-I-S(III) chain, due to the potential energy barrier between the two interstitial sites. It suggests that if the Ga vacancies are effectively removed by thermal annealing, the fluorine ions could be confined within the vicinity of a Ga vacancy and its neighboring interstitial sites. As shown in our previous work [6] , the incident fluorine ions in a plasma treatment process can introduce significant number of vacancies. The vacancies, however, could be mostly removed with thermal annealing at 400-500 o C that enables interstitial Ga and N atoms move back to their original sites. This model is consistent with the excellent thermal stability observed in the threshold voltage of a fluorine plasma treated HEMT [7] .
Conclusions
In conclusion, with MD simulation, the potential energies of fluorine ions in interstitial and substitutional sites in AlGaN/GaN crystal are investigated. Fluorine ions are most likely accommodated by substitutional group-III cation sites. The fluorine's diffusion can only be significant with the assistance of group-III vacancies. It is also suggested that fluorine ions can reach excellent stability in AlGaN/GaN if the vacancies are effectively removed, for example, by thermal annealing. 
